A new electron cryomicroscopic reconstruction of an actin-scruin bundle from Limulus sperm reveals details about the enormous structural plasticity within F-actin. The twist and tilt of the actin subunits show very large deviations from ideal F-actin, providing clues about actin dynamics.
Actin is one of the most abundant and conserved eukaryotic proteins. Unfortunately, perhaps because of its ubiquity and degree of sequence conservation, actin has rarely been seen as intrinsically interesting. For molecular biologists, actin is a band that is run as a control when looking at mRNA levels. For many, it has traditionally been viewed to be as boring as histones; however, our appreciation of histones has grown tremendously over the past ten years, and new results about actin may elevate its status from an omnipresent and uninteresting structural protein to that of a key player in many aspects of motility and the regulation of cell shape and form.
A recent publication [1] challenges the classical view of actin, as it highlights how variable the subunit-subunit interface is within the actin filament. The new results also represent a technical advance, as cryo-electron microscopy has been used to generate a three-dimensional reconstruction of an actin bundle at 9.5 Å resolution. This work may provide new insights into how the variability within the actin filament is an essential part of many cellular processes.
Although actin was first discovered as a component of striated muscle [2] , most of the research on the molecular mechanisms of muscle contraction has logically focused on myosin, as it is the globular heads of myosin that hydrolyze ATP upon binding actin and generate the 'power stroke'. A number of studies [3] [4] [5] , however, have shown that actin can be modified in such a way that it is still bound by myosin and the myosin ATPase is fully activated, but force generation is either eliminated or greatly reduced.
One explanation of these observations is that internal dynamical modes in F-actin are needed for force generation, and these modes are suppressed by such modifications as cross-linking and proteolysis. Spectroscopic observations have shown that myosin binding to actin does change the conformation of the actin subunit [6, 7] , but these studies do not necessarily tell us what is moving where and by how much. That is one reason why new structural insights into the internal dynamics of F-actin may be important for understanding processes such as actomyosin motility.
Within non-muscle systems, where most current research on actin is focused, we have learned that a large number of other proteins are involved in the polymerization and depolymerization of actin filaments [8] . We now also understand that actin-based structures previously viewed as static, such as the core of stereocilia found in the inner ear, are actually quite dynamic, with a flux of actin subunits constantly treadmilling through these bundles [9] . A remarkable actin-based motility was found in the acrosomal reaction of the Limulus sperm, where a large bundle of actin filaments, cross-linked together by a protein called scruin, undergoes an extension driven by a change in the twist of F-actin [10] . This suggests that the helical twist of F-actin can be modulated by other proteins to control cellular processes, just as the helical twist of DNA is modulated by recombinases such as the RecA protein [11] .
If other proteins regulate the helical twist of Factin, one might imagine that this twist is welldefined within pure F-actin. This is reasonable, considering that the change in twist responsible for the Limulus acrosomal extension is only ~0.2° per actin subunit. An early electron microscopic study of pure F-actin [12] , however, concluded that the distances between 'crossovers' of the two long-pitch helical strands seen in projection was quite variable. That observation and other data were combined into a model for random angular disorder in F-actin, where subunits had a freedom of rotation of ~10° but a rather fixed axial rise [13] . The variability in crossovers arising from such angular disorder in Factin is illustrated in Figure 1 . Proteins of the actin depolymerizing factor (ADF)/cofilin family were subsequently found, when bound stoichiometrically to actin, to change the twist of F-actin by ~6° per subunit [14] . It was shown that this occurs, not by the imposition of a new state on F-actin, but by the stabilization of an existing state of twist [15] .
What is remarkable about the new structure of the Limulus actin-scruin bundle [1] is that it directly reveals, for the first time, the degree of plasticity between adjacent actin subunits, and this plasticity is larger than what has previously been described. All prior structural studies of F-actin, whether by X-ray fiber diffraction or electron microscopy, involved averaging over tens or thousands of subunits. By directly visualizing an asymmetric unit containing 14 actin subunits within a nearly crystalline actin-scruin bundle, Schmid et al. the ability of a cross-bridging protein, fimbrin, to apparently tilt with respect to the actin filaments might reflect the ability of the actin subunits themselves to tilt, consistent with other structural evidence. It was also noted prophetically in the early study [16] that there was a parallel between the behavior of actin filaments in the stereocilia and those in the Limulus acrosomal bundle, as in both there is a slippage of adjacent filaments. The detailed picture of tilted and twisted F-actin subunits that has now been generated [1] certainly suggests that, in both the acrosomal bundle and in the stereocilia core, the macroscopic properties, such as how filaments bend or slide past each other, may only be understood by examining the microscopic properties of individual actin subunits.
One question that is raised, but not answered, by these new results is how can actin exhibit such plasticity at the subunit-subunit interface? This is the same as asking why, given such polymorphism, actin subunits still have the ability to assemble into filaments, and not amorphous aggregates? The multiplicity of subunit-subunit interfaces within F-actin has actually been raised as a possible basis for the exquisite conservation of actin's primary sequence [17] . In this view, a large number of residues in the interior of the actin filament would be under selective pressure as they participate in a multiplicity of different interactions. We will clearly need even higher resolution studies to be able to understand how this remarkable protein can specifically interact with itself in so many different ways. 
